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1. INTRODUCTION {#cas14354-sec-0001}
===============

Lung cancer is one of the most common malignant tumors; despite the application of new treatment strategies, the mortality rate is still very high.[1](#cas14354-bib-0001){ref-type="ref"} In recent years, the effects of immunotherapy have received considerable attention in the field of lung cancer treatment. T cell activation is a pivotal process to combat cancers, in which both coinhibition and costimulation signaling play an essential role. Currently, the application of immune checkpoint inhibitors has achieved great success in clinical practice.[2](#cas14354-bib-0002){ref-type="ref"}, [3](#cas14354-bib-0003){ref-type="ref"} In contrast, there is little research about the agonistic Abs on costimulation pathways. CD137 signaling plays a significant role in multiple cells and regulates the activity of many immune cells. It can strongly activate CD8^+^ T cells, induce cytokine release, and increase CTL activity.[4](#cas14354-bib-0004){ref-type="ref"} Accumulating evidence has shown that anti‐CD137 mAbs could be used in cancer therapy alone or combined with other Abs or reagents.[5](#cas14354-bib-0005){ref-type="ref"} Recently, several related clinical trials have been carried out. In the following, we review the biological characteristics of CD137 and the recent progress of anti‐CD137 mAbs in the fight against lung cancer.

2. EXPRESSION OF CD137 {#cas14354-sec-0002}
======================

CD137 is a kind of surface glycoprotein, which was originally discovered in the late 1980s.[6](#cas14354-bib-0006){ref-type="ref"} It has been found that CD137 is expressed in a variety of cells, for example, T cells, B cells, natural killer (NK) cells, dendritic (DCs), eosinophils, and mast cells.[7](#cas14354-bib-0007){ref-type="ref"}, [8](#cas14354-bib-0008){ref-type="ref"}, [9](#cas14354-bib-0009){ref-type="ref"} A variety of tumor cells also express CD137, such as human leukemia cells and various lung tumor cell lines, such as H446, H1299, SPC‐A‐1, and H460.[10](#cas14354-bib-0010){ref-type="ref"}, [11](#cas14354-bib-0011){ref-type="ref"}, [12](#cas14354-bib-0012){ref-type="ref"} CD137 is also widely distributed in tissues; it has been found in vascular smooth muscles, tumor vessel walls, and liver tissue of hepatocellular carcinoma.[13](#cas14354-bib-0013){ref-type="ref"}, [14](#cas14354-bib-0014){ref-type="ref"} A study reported that CD137 is focally localized in the follicular structure of tonsil and lymph node.[15](#cas14354-bib-0015){ref-type="ref"} CD137 is an important target for enhancing the antitumor effect of immunotherapeutic Abs. Therefore, a comprehensive understanding of its distribution is essential for the discovery of potential therapeutic effects and adverse reactions.

3. BIOLOGICAL EFFECTS OF CD137 SIGNALING {#cas14354-sec-0003}
========================================

Compared with CD4^+^ T cells, CD8^+^ T cells express higher levels of CD137, so CD137 mainly costimulates CD8^+^ T cells.[16](#cas14354-bib-0016){ref-type="ref"} Studies have shown that signaling through CD137 is induced by the ligand of CD137, CD137L, or by agonistic mAbs against CD137. CD137 ligand is a kind of transmembrane protein expressed on the cell surface. CD137 and CD137L form a bidirectional signaling pathway, which allows bidirectional signal exchange between receptor and ligand cells, thereby regulating their activities at the same time.[5](#cas14354-bib-0005){ref-type="ref"} CD137L is found on all types of antigen‐presenting cells.[17](#cas14354-bib-0017){ref-type="ref"} It has been shown that the interaction of CD137 with CD137L on activated antigen‐presenting cells contributes to the survival and activation of T cells.[18](#cas14354-bib-0018){ref-type="ref"} Additionally, the CD137L signaling pathway can influence the activation, maturation, and differentiation of CD137L expressing cells.[19](#cas14354-bib-0019){ref-type="ref"} These effects result from the activation of several signaling pathways, such as p38 MAPK.[5](#cas14354-bib-0005){ref-type="ref"} Some studies showed that the interaction of CD137 and CD137L could play a pivotal role in maintaining CD8^+^ T cells and the generation of their memory responses.[20](#cas14354-bib-0020){ref-type="ref"} All of these activations will promote the immune system fighting against tumors. For instance, the CD137/CD137L pathway could generate costimulatory signals on B cells to activate and induce their proliferation.[21](#cas14354-bib-0021){ref-type="ref"} In monocytes, CD137L signaling can increase their survival and proliferation and stimulate their migration and extravasation.[22](#cas14354-bib-0022){ref-type="ref"}, [23](#cas14354-bib-0023){ref-type="ref"} In addition, it induces the release of various proinflammatory factors.[24](#cas14354-bib-0024){ref-type="ref"} The CD137/CD137L pathway also affects non‐T cells. All of these activities lead to the influx of inflammatory monocytes into tissues and form an inflammatory environment, which is detrimental to tumors. The interaction of CD137 and CD137L is shown in Figure [1](#cas14354-fig-0001){ref-type="fig"}.

![Role of CD137 and CD137 ligand (CD137L) signaling pathway. The interaction of CD137 with CD137L on activated antigen presenting cells (APC) contributes to the survival and activation of T cells. The CD137L signaling pathway can influence the activation, proliferation, and differentiation of CD137L expressing cells](CAS-111-1461-g001){#cas14354-fig-0001}

The study undertaken by Melero et al[25](#cas14354-bib-0025){ref-type="ref"} first reported the potent antitumor property of anti‐CD137 mAbs, and this effect was also determined in a melanoma model of CD137 knockout mice.[26](#cas14354-bib-0026){ref-type="ref"} It was shown that, compared with wild type mice, CD137 knockout mice had more lung metastasis and shorter survival time. The mechanisms of anti‐CD137 mAbs in tumor regression depended on its effects on several immune cells in the tumor microenvironment. Anti‐CD137 mAbs could boost the activation of CD8^+^ T cells, promote their proliferation, and at the same time, enhance their cytolytic effect on tumor cells, and then killed tumor cells.[27](#cas14354-bib-0027){ref-type="ref"} The role of anti‐CD137 mAbs in the activity of CD4^+^ T cells remained controversial. A study reported that when CD137 costimulated CD4^+^ T cells, at first their activation was increased and then their apoptosis was promoted.[20](#cas14354-bib-0020){ref-type="ref"} When CD4^+^ T cells are activated, they can release useful cytokines, which are indispensable for the activation and maturation of CD8^+^ T cells. A study showed that the anti‐CD137 mAbs could enhance the antitumor response of CTLs.[28](#cas14354-bib-0028){ref-type="ref"} However, anti‐CD137 therapy was ineffective against the established or metastasized tumors with poor immunogenicity, such as TC‐1 lung cancer.[29](#cas14354-bib-0029){ref-type="ref"}, [30](#cas14354-bib-0030){ref-type="ref"} The underlying mechanism of the failure of anti‐CD137 mAbs is the immunological ignorance of CTLs. Anti‐CD137 treatment can also promote the proliferation and γ‐interferon (IFN‐γ) production of activated NK cells, modulating the activity of CD8^+^ T cells.[20](#cas14354-bib-0020){ref-type="ref"} Monoclonal Abs exert their antitumor effect through antibody dependent cell‐mediated cytotoxicity (ADCC). In this process, NK cells act on Ab‐targeted tumor cells and cause them to lysis. Dendritic cells also play a critical role in CD137‐mediated antitumor immunity.[31](#cas14354-bib-0031){ref-type="ref"} Depletion of DCs in vivo reduced the level of CTL stimulation, and then attenuated the effect of anti‐CD137 mAbs.[32](#cas14354-bib-0032){ref-type="ref"} Regulatory T cells (Tregs) can inhibit the cytotoxic effect of T cells, which is a mechanism of tumor immune tolerance. A study by Guo et al showed that, when anti‐CD137 mAbs were given, the infiltration of Tregs in the tumor was significantly reduced.[33](#cas14354-bib-0033){ref-type="ref"} Another study found that depleting Tregs in mice could enhance the antitumor effect of anti‐CD137 therapy.[34](#cas14354-bib-0034){ref-type="ref"} Therefore, attention should also be paid to the effect of Tregs on anti‐CD137 mAbs. The effects of anti‐CD137 mAbs on these cells are summarized in Figure [2](#cas14354-fig-0002){ref-type="fig"}. Interestingly, after treatment with anti‐CD137 mAbs, the number and the activities of memory T cells will increase, so this effect can prolong the clearance of tumor cells by the immune system.[35](#cas14354-bib-0035){ref-type="ref"} Moreover, it has been found that, when exposing tumor endothelial cells to anti‐CD137 mAbs, the expression of some adhesion molecules between cells was upregulated, which would promote T cells migrating to malignant tissue by stimulating the tumor endothelial cells.[36](#cas14354-bib-0036){ref-type="ref"} Therefore, the anti‐CD137 mAbs can act on multiple cells to play the antitumor role.

![Immune regulation mechanisms of anti‐CD137 mAb. Agonistic anti‐CD137 mAb can promote the activation, proliferation, and differentiation of CD8^+^ T cells, and enhance their cytolytic effect on tumor cells. Anti‐CD137 mAb acts on CD4^+^ T cells, leading to the release of cytokines useful to the activation and maturation of CD8^+^ T cells. Anti‐CD137 mAb can enhance the antibody dependent cell‐mediated cytotoxicity (ADCC) of natural killer (NK) cells and promote their proliferation and γ‐interferon (IFN‐γ) production. In addition, anti‐CD137 mAb can promote the activation and proliferation of dendritic cells (DCs). In regulatory T cells (Tregs), anti‐CD137 mAb can depress their function to enhance the antitumor effect. He et al[41](#cas14354-bib-0041){ref-type="ref"} provides some information, but does not include the effect of CD4^+^ T cells on CD8^+^ T cells, the effect of NK cells on CD8^+^ T cells, nor the effect of IFN‐γ](CAS-111-1461-g002){#cas14354-fig-0002}

4. AGONISTIC ANTI‐CD137 mAb MONOTHERAPY {#cas14354-sec-0004}
=======================================

The preclinical experiment showed that the anti‐CD137 mAbs can inhibit the growth of A549 lung adenocarcinoma cells.[37](#cas14354-bib-0037){ref-type="ref"} However, at present, there are few animal experiments to verify the effect of anti‐CD137 mAb monotherapy in lung cancer. A study undertaken by Shi et al investigated the antitumor effect of BMS‐469492, a kind of agonistic anti‐CD137 mAb. They used M109 mouse lung carcinoma cells in the study. The results showed that BMS‐469492 could not inhibit the growth of tumors in the mouse tumor model.[38](#cas14354-bib-0038){ref-type="ref"} Another mouse model of lung carcinoma has confirmed this finding. They showed that a poorly immunogenic tumor, TC‐1 lung carcinoma, was refractory to agonistic anti‐CD137 mAbs once established as solid tumors. They provided evidence that the immune neglect of specific CTLs might hinder the antitumor effect of anti‐CD137 mAbs.[39](#cas14354-bib-0039){ref-type="ref"} The effect of anti‐CD137 mAbs was reported in several other tumors, such as glioma, colon carcinoma, liver tumor, breast tumor, and some hematological tumors.[5](#cas14354-bib-0005){ref-type="ref"}, [40](#cas14354-bib-0040){ref-type="ref"} However, the effect of monotherapy was not obvious in some other poorly immunogenic tumors, such as B16/D5 melanoma.[40](#cas14354-bib-0040){ref-type="ref"} Thus, in order to break through the limitation of monotherapy and obtain more satisfactory therapeutic effects, researchers have focused on combination therapy.

5. ANTI‐CD137 mAb COMBINATION THERAPY {#cas14354-sec-0005}
=====================================

5.1. Combination with immune checkpoint inhibitors {#cas14354-sec-0006}
--------------------------------------------------

Recently, immunotherapy has made a breakthrough in the treatment of various solid tumors.[41](#cas14354-bib-0041){ref-type="ref"}, [42](#cas14354-bib-0042){ref-type="ref"}, [43](#cas14354-bib-0043){ref-type="ref"} However, it was reported that the immunotherapy only benefits 30% of patients. As we all know, the essence of immunotherapy is to restore the normal antitumor immune responses of the body. The participation of T cells is indispensable in the process, so the activation of T cells is particularly important. Co stimulation and coinhibition signaling pathways both regulate the activation of T cells. Many papers have reported that anti‐CD137 mAbs had a synergistic effect with immunotherapeutic agents in several models of cancer.[44](#cas14354-bib-0044){ref-type="ref"}, [45](#cas14354-bib-0045){ref-type="ref"}, [46](#cas14354-bib-0046){ref-type="ref"} In lung cancer, a study built a kind of transplantable mouse non‐small‐cell lung cancer model to investigate the effect of combined immunotherapy. They found that the efficacy of single agents was lost after 17 days of treatment, whereas the combination treatment resulted in 3‐5 complete regressions; in the repetition experiment, 2 of 5 tumors experienced complete regression in the treatment of anti‐CD137 mAbs combined with anti‐programmed cell death‐1 (PD‐1)/PD‐1 ligand (PD‐L1) mAb. The synergistic effect was obtained in the tumor treated with combination therapy.[47](#cas14354-bib-0047){ref-type="ref"} A study established a TC‐1 lung carcinoma murine model to study the antitumor effect of combination of anti‐PD‐1/CD137 mAbs and cisplatin. The results showed that anti‐PD‐1 or anti‐CD137 mAb monotherapy could not annihilate tumors. Cisplatin monotherapy, or cisplatin combined with 1 of the 2 Ab treatments, can only suppress tumor growth slightly, but in the combination treatment of 2 Abs plus cisplatin, the tumor growth was significantly inhibited.[48](#cas14354-bib-0048){ref-type="ref"} Another study explored the effect of intratumoral injection of combinations of CD137/PD‐1/CTL‐associated protein‐4 (CTLA4)/CD19 mAbs in TC‐1 lung cancer. Compared with i.p. injection, intratumoral injection had a stronger antitumor effect. More than half of the tumor‐bearing mice achieved complete regression after intratumoral injection with CD137/PD‐1/CTLA4/CD19 mAbs, and the survival period was also prolonged.[49](#cas14354-bib-0049){ref-type="ref"} Thus, a number of clinical trials of anti‐CD137 mAbs have been developed because of this preclinical research.

5.2. Combination with vaccination {#cas14354-sec-0007}
---------------------------------

Cancer subunit vaccine based on tumor‐associated antigen is a promising tool for antitumor immunotherapy. Effective anticancer vaccines will achieve therapeutic effects by interfering with the innate, adaptive, and regulatory immune responses. As is known, vaccines are specific and can generate immunological memory, which is important to control tumor recurrence. Nevertheless, the antitumor efficacy of subunit vaccine is limited by low immunogenicity and immune evasion,[50](#cas14354-bib-0050){ref-type="ref"}, [51](#cas14354-bib-0051){ref-type="ref"} so potent adjuvants are used to overcome these limitations. Because of the pleiotropic and robust effects on immune response, costimulatory members of the tumor necrosis factor ligand family could be used as an appropriate adjuvant for antitumor vaccines.[8](#cas14354-bib-0008){ref-type="ref"} Sharma et al reported a new kind of soluble CD137L molecule, SA‐CD137L, which was chimeric with core streptavidin, and examined its efficacy in the survivin‐expressing 3LL lung cancer mouse model. The results showed that vaccination with CD137L in combination with a survivin protein could activate DCs, enhance the uptake of antigen, and generate the activity of CD8^+^ T cells, thus eradicating the 3LL tumors.[52](#cas14354-bib-0052){ref-type="ref"} In conclusion, CD137L molecule could be a candidate for therapeutic cancer vaccines due to its potent immunomodulatory activity and low toxicity.

5.3. Combination with antitumor Abs {#cas14354-sec-0008}
-----------------------------------

Gangliosides are cell surface glycosphingolipids that play a significant role in cell recognition, adhesion, and signal transduction.[53](#cas14354-bib-0053){ref-type="ref"} Studies have shown that therapeutic Abs against gangliosides could inhibit the growth and metastasis of tumors. It has been found that fucosylated monosialotetrahexosylganglioside (FucGM1) is highly expressed in a large percentage of small‐cell lung cancer.[54](#cas14354-bib-0054){ref-type="ref"}, [55](#cas14354-bib-0055){ref-type="ref"} Anti‐FucGM1 mAbs have been reported to suppress tumor growth in nude mice.[56](#cas14354-bib-0056){ref-type="ref"}, [57](#cas14354-bib-0057){ref-type="ref"} A study undertaken by Ponath et al investigated the antitumor efficacy of anti‐CD137 mAbs in combination with BMS‐986012, a kind of anti‐FucGM1 mAbs. They found that BMS‐986012 showed antitumor activity in a human small‐cell lung cancer tumor xenograft model by enhancing ADCC effector function. The antitumor efficacy of BMS‐986012 was enhanced by anti‐CD137 mAbs.[58](#cas14354-bib-0058){ref-type="ref"} Several researchers have reported that anti‐CD137 mAbs could synergize with other antitumor Abs, such as rituximab, trastuzumab, and cetuximab.[59](#cas14354-bib-0059){ref-type="ref"}, [60](#cas14354-bib-0060){ref-type="ref"}, [61](#cas14354-bib-0061){ref-type="ref"}

5.4. Combination with other treatments {#cas14354-sec-0009}
--------------------------------------

As mentioned above, the agonistic CD137 mAb, BMS‐469492, cannot inhibit tumor growth significantly when used alone in the M109 tumor model. However, when BMS‐469492 was given to animals that had been primed with irradiated M109 cells 3 weeks prior to tumor inoculation, a significant antitumor effect was observed.[38](#cas14354-bib-0038){ref-type="ref"} It has been reported that intratumoral injection of Semliki Forest virus encoding interleukin‐12 combined with systemic treatment with agonist anti‐CD137 mAbs showed powerful synergistic antitumor effects in a TC‐1 lung carcinoma model.[62](#cas14354-bib-0062){ref-type="ref"}

5.5. Current status of related clinical trials {#cas14354-sec-0010}
----------------------------------------------

Two kinds of humanized mAbs of CD137 have been studied in clinical trials, utomilumab (PF‐05082566) and urelumab (BMS‐663513). The characteristics of these two drugs are shown in Table [1](#cas14354-tbl-0001){ref-type="table"}. In clinical trials, utomilumab showed low efficacy and urelumab showed fatal hepatotoxicity; the mechanisms remain unclear, so their clinical development was hampered.[63](#cas14354-bib-0063){ref-type="ref"} A study showed that both the efficacy and the toxicity of anti‐CD137 mAbs are determined by their isotype and intrinsic agonistic strength. In addition, FcγRIIB‐mediated CD8^+^ T cell activation in the liver could cause anti‐CD137 mAb‐related hepatotoxicity.[64](#cas14354-bib-0064){ref-type="ref"} ADG106 and LVGN6051 are 2 new drugs that are just under clinical research, their characteristics need further study. So far, there are few clinical trials of anti‐CD137 mAbs in lung cancer. The relevant clinical trials are displayed in Table [2](#cas14354-tbl-0002){ref-type="table"}. Therefore, in‐depth exploration of the antitumor mechanisms and adverse reactions of anti‐CD137 mAbs is warranted to achieve optimal antitumor therapeutic potential.

###### 

Characteristics of anti‐CD137 Abs in recent clinical trials

  Drug         Brand name    Binding site      Property             Defect
  ------------ ------------- ----------------- -------------------- ----------------------
  Utomilumab   PF‐05082566   CRDs III and IV   Humanized IgG2 mAb   Low efficacy
  Urelumab     BMS‐663513    CRD I             Human IgG4 mAb       Fatal hepatotoxicity

Abbreviation: CRD, Carbohydrate recognition domain.

John Wiley & Sons, Ltd

###### 

Clinical studies of anti‐CD137 mAbs in solid tumors in recent years

+-------------+--------------+------------+------------+-------+-------------------------------------------------+
| NCT number  | Intervention | Start year | Status     | Phase | Condition                                       |
+=============+==============+============+============+=======+=================================================+
| NCT00309023 | BMS‐663513   | 2005       | Terminated | I/II  | Metastatic or locally advanced solid tumor      |
+-------------+--------------+------------+------------+-------+-------------------------------------------------+
| NCT00351325 | BMS‐663513   | 2007       | Terminated | I     | Advanced solid malignancies                     |
+-------------+--------------+------------+------------+-------+-------------------------------------------------+
| NCT00461110 | BMS‐663513   | 2008       | Terminated | I     | Non‐small‐cell lung cancer                      |
+-------------+--------------+------------+------------+-------+-------------------------------------------------+
| NCT01471210 | BMS‐663513   | 2012       | Completed  | I     | Advanced and/or metastatic solid tumors         |
|             |              |            |            |       |                                                 |
|             |              |            |            |       | Relapsed/refractory B‐cell non‐Hodgkin lymphoma |
+-------------+--------------+------------+------------+-------+-------------------------------------------------+
| NCT02253992 | BMS‐663513   | 2014       | Completed  | I/ II | Advanced solid tumors                           |
|             |              |            |            |       |                                                 |
|             |              |            |            |       | Advanced B‐cell non‐Hodgkin lymphoma            |
+-------------+--------------+------------+------------+-------+-------------------------------------------------+
| NCT02179918 | PF‐05082566  | 2014       | Completed  | Ib    | Advanced solid tumors                           |
+-------------+--------------+------------+------------+-------+-------------------------------------------------+
| NCT03707093 | ADG106       | 2018       | Recruiting | I     | Solid tumors                                    |
|             |              |            |            |       |                                                 |
|             |              |            |            |       | Non‐Hodgkin lymphoma                            |
+-------------+--------------+------------+------------+-------+-------------------------------------------------+
| NCT04130542 | LVGN6051     | 2019       | Recruiting | I     | Cancer                                          |
+-------------+--------------+------------+------------+-------+-------------------------------------------------+

Some of the information is shown in He et al,[41](#cas14354-bib-0041){ref-type="ref"} but it does not include the clinical studies in 2018 and 2019.

Abbreviation: NCT, clinicaltrials.gov identifier.

John Wiley & Sons, Ltd

6. CONCLUSION {#cas14354-sec-0011}
=============

A variety of in vivo and in vitro studies of lung cancer underscore the essential role of CD137 in cancer therapy. Anti‐CD137 Ab is a potent cancer immunotherapy drug, which can regulate the immune system by acting on various cells in the tumor microenvironment. The therapeutic effect of anti‐CD137 mAb monotherapy in lung cancer is not satisfactory, especially in poorly immunogenic tumors. Anti‐CD137 mAbs combined with other reagents have strong antitumor potential. The clinical potential and the side‐effects of anti‐CD137 mAbs in lung cancer should be determined by further clinical trials. In conclusion, anti‐CD137 mAb is an attractive candidate for the immunotherapy of lung cancer.
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